Abstract-Adenosine plays multiple roles in the efficient functioning of the heart by regulating coronary blood flow, cardiac pacemaking, and contractility. Previous studies have implicated the equilibrative nucleoside transporter family member equilibrative nucleoside transporter-1 (ENT1) in the regulation of cardiac adenosine levels. We report here that a second member of this family, ENT4, is also abundant in the heart, in particular in the plasma membranes of ventricular myocytes and vascular endothelial cells but, unlike ENT1, is virtually absent from the sinoatrial and atrioventricular nodes. Originally described as a monoamine/organic cation transporter, we found that both human and mouse ENT4 exhibited a novel, pH-dependent adenosine transport activity optimal at acidic pH (apparent K m values 0.78 and 0.13 mmol/L, respectively, at pH 5.5) and absent at pH 7.4. In contrast, serotonin transport by ENT4 was relatively insensitive to pH. ENT4-mediated nucleoside transport was adenosine selective, sodium independent and only weakly inhibited by the classical inhibitors of equilibrative nucleoside transport, dipyridamole, dilazep, and nitrobenzylthioinosine. We hypothesize that ENT4, in addition to playing roles in cardiac serotonin transport, contributes to the regulation of extracellular adenosine concentrations, in particular under the acidotic conditions associated with ischemia. Key Words: nucleoside Ⅲ adenosine Ⅲ transport Ⅲ ischemia Ⅲ pH T he purine nucleoside adenosine is produced by the action of both endo-and ecto-nucleotidases on adenine nucleotides in the heart and plays key roles in the regulation of coronary blood flow and myocardial O 2 supply-demand balance. 1-4 For example, action of adenosine on A 2A receptors on vascular smooth muscle and endothelial cells causes coronary vasodilatation. 1, 5 In contrast, the negative inotropic and dromotropic effects of adenosine on the heart are mediated primarily by A 1 receptors. 2 Similarly, the negative chromotropic effect of adenosine involves action of A 1 receptors in the sinoatrial (SA) node on the inwardly rectifying potassium channel current I K-Ado and the hyperpolarization-activated pacemaker current I f . 2, 6 Endogenous adenosine, acting on mitochondrial K ATP channels via A 1 and A 3 receptors, also makes a major contribution to the phenomenon of ischemic preconditioning. 5, 7 Extracellular adenosine concentrations in the heart are governed both by action of ecto-5Ј-nucleotidase on adenine nucleotides released from cells and by transporter-mediated flux of adenosine across cell membranes. 3, 4 Although most adenosine production occurs intracellularly, under normoxic conditions, metabolism maintains a low intracellular concentration and, therefore, the net flux of adenosine is into cardiomyocytes and endothelial cells. Under such conditions, administration of transport inhibitors increases extracellular concentrations of adenosine, leading to vasodilatation. 8 However, increased adenine nucleotide breakdown and inhibition of adenosine kinase during hypoxia reverses the concentration gradient across membranes, resulting in nucleoside efflux. 9 The importance of nucleoside transporters in regulating extracellular adenosine concentrations in the heart is demonstrated not only by the vasodilatory effects of transport inhibitors but also by their effects on guinea pig SA and atrioventricular (AV) nodes, for which dipyridamole, a potent inhibitor of equilibrative transporters, was found to potentiate the chronotropic and dromotropic effects of adenosine, respectively. 10 In mammalian cells adenosine transport is mediated by members of the SLC29 family of equilibrative nucleoside transporters (ENTs) 11 and the SLC28 family of concentrative Original
T he purine nucleoside adenosine is produced by the action of both endo-and ecto-nucleotidases on adenine nucleotides in the heart and plays key roles in the regulation of coronary blood flow and myocardial O 2 supply-demand balance. [1] [2] [3] [4] For example, action of adenosine on A 2A receptors on vascular smooth muscle and endothelial cells causes coronary vasodilatation. 1, 5 In contrast, the negative inotropic and dromotropic effects of adenosine on the heart are mediated primarily by A 1 receptors. 2 Similarly, the negative chromotropic effect of adenosine involves action of A 1 receptors in the sinoatrial (SA) node on the inwardly rectifying potassium channel current I K-Ado and the hyperpolarization-activated pacemaker current I f . 2, 6 Endogenous adenosine, acting on mitochondrial K ATP channels via A 1 and A 3 receptors, also makes a major contribution to the phenomenon of ischemic preconditioning. 5, 7 Extracellular adenosine concentrations in the heart are governed both by action of ecto-5Ј-nucleotidase on adenine nucleotides released from cells and by transporter-mediated flux of adenosine across cell membranes. 3, 4 Although most adenosine production occurs intracellularly, under normoxic conditions, metabolism maintains a low intracellular concentration and, therefore, the net flux of adenosine is into cardiomyocytes and endothelial cells. Under such conditions, administration of transport inhibitors increases extracellular concentrations of adenosine, leading to vasodilatation. 8 However, increased adenine nucleotide breakdown and inhibition of adenosine kinase during hypoxia reverses the concentration gradient across membranes, resulting in nucleoside efflux. 9 The importance of nucleoside transporters in regulating extracellular adenosine concentrations in the heart is demonstrated not only by the vasodilatory effects of transport inhibitors but also by their effects on guinea pig SA and atrioventricular (AV) nodes, for which dipyridamole, a potent inhibitor of equilibrative transporters, was found to potentiate the chronotropic and dromotropic effects of adenosine, respectively. 10 In mammalian cells adenosine transport is mediated by members of the SLC29 family of equilibrative nucleoside transporters (ENTs) 11 and the SLC28 family of concentrative nucleoside transporters (CNTs). 12 Two members of the latter, CNT2 and CNT3, exhibit robust adenosine transport activity, but substantial levels of mRNA have been reported in the heart only for CNT2. 12 Moreover, Na ϩ -dependent uptake has been reported to represent only a small fraction of total adenosine uptake in normal rat cardiomyocytes. 13 Instead, the majority of published studies have reported equilibrative, Na ϩ -independent uptake of adenosine into cardiac cells, consistent with involvement of members of the ENT family.
Mammalian genomes encode 4 members of the ENT family that share the ability to transport adenosine and a likely 11-transmembrane (TM) helix topology. 11 One member, ENT3, although abundant in the heart, has been shown to be a lysosomal transporter and, therefore, is unlikely to contribute directly to regulation of interstitial adenosine concentrations. 14 However, the best-characterized family members, ENT1 and -2, are cell surface proteins that could regulate access of adenosine to its receptors. 11 Moreover, their activity appears to be subject to physiological regulation by the receptors themselves. 15 These broad-selectivity equilibrative transporters differ in their sensitivity to the nucleoside analog nitrobenzylthioinosine (nitrobenzylmercaptopurine ribonucleoside [NBMPR]), which inhibits ENT1-mediated transport with a K i value of Ϸ5 nmol/L, whereas ENT2-mediated transport is only weakly inhibited. 11 Human ENT1 (hENT1) is also more potently inhibited than human ENT2 (hENT2) by coronary vasodilators such as dipyridamole, dilazep, and draflazine. The corresponding rodent transporters are much less sensitive to inhibition by such agents. 11 The transport characteristics of pig and human coronary smooth muscle cells, 16 guinea pig cardiac endothelial cells, 17 and rat cardiomyocytes 18, 19 suggest that adenosine flux is mediated primarily by ENT1, although low levels of NBMPRinsensitive transport in cardiomyocytes have recently been attributed to ENT2. 13 Consistent with these findings, we have shown that ENT1 is abundantly expressed in atrial and ventricular myocytes and in the SA node of the rat heart. 20, 21 The fourth member of the SLC29 family to be identified, ENT4, exhibits only low sequence identity (Ϸ20%) to the other family members, indicating an ancient divergence from these isoforms. 22 Although in a preliminary study we reported that this protein was a low-affinity adenosine transporter, 11 it was subsequently found by Wang and coworkers to function as a polyspecific organic cation transporter and was designated plasma membrane monoamine transporter (PMAT). 23, 24 These authors reported that PMAT exhibited no significant interaction with nucleosides but efficiently transported serotonin (5-hydroxytryptamine ). 24 Although most highly expressed in brain and skeletal muscle, Northern blotting revealed significant expression in heart. Serotonin is produced by cardiac myocytes 25 and, by acting on 5-HT 2B receptors, regulates cardiac development as well as cardiac structure and function in adults. 26 Given the potential importance of serotonin in the heart, and our preliminary finding that ENT4 transported adenosine at acidic pH but not at pH 7.4, the present study was undertaken to examine the functional properties of the human and rodent transporters and their tissue distributions in more detail. We confirm that adenosine is efficiently transported by ENT4, but in a fashion highly sensitive to extracellular pH. Although its activity has not been measured in situ, its cardiac abundance suggests a contribution to regulation of extracellular adenosine concentrations, in particular during ischemia.
Materials and Methods
For expression in Xenopus oocytes the coding regions of mouse ENT4 (mENT4) and hENT cDNAs were subcloned into the vector pGEM-HE. 27 Production of ENT4 proteins in Xenopus oocytes, assays of nucleoside and serotonin uptake activity, and preparation of oocyte membranes were performed as previously described. 14, 20 Uptake was typically measured for 30 minutes, during which period rates were linear ( Figure I in the online data supplement). HL-1 cardiomyocytes were cultured as described elsewhere 28 and serotonin uptake measured at 37°C on cells at 80% confluence. Adenosine uptake into rat ventricular myocytes was measured at 37°C. Human umbilical vein endothelial cells (HUVECs) were cultured as described by Herbert et al. 29 Tissue distribution of hENT4 transcripts was investigated by probing a human multiple tissue expression (MTE mRNA array; Clontech) with an [␣-
32 P]dATP-labeled antisense DNA probe. 14 For Western blotting and immunocytochemistry, anti-synthetic peptide bodies, designated anti-hENT4 301-319 , were raised in rabbits by Pepceuticals Ltd (Leicester, UK) and affinity purified by chromatography on a column of immobilized peptide. 30 Rat, mouse, and human tissue lysates and membrane samples for blotting were prepared as previously described 21 and are detailed in the online data supplement. Permission to use human tissue was granted by the Leeds (West) Research Ethics Committee. Deglycosylation with N-glycosidase F was performed according to the instructions of the manufacturer (Roche Applied Sciences). For quantification of ENT4, known amounts of a glutathione S-transferase (GST) fusion protein bearing residues 252 to 347 of mENT4 were included as standards on blots.
The subcellular distribution of ENT4 in primary rat cardiomyocytes and cultured cells was investigated by immunofluorescence microscopy with anti-hENT4 301-319 , using an Olympus IX70 microscope equipped with a Delta Vision deconvolution system. 14 A Zeiss LSM510 META laser scanning confocal microscope was used for immunofluorescence microscopy of tissue sections. 21 An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org. 
Results

Tissue Distribution and Glycosylation State of ENT4
Northern blotting previously revealed abundant expression of hENT4 (PMAT) mRNA in adult human brain and skeletal muscle. 24 In the present study, probing a multiple tissue expression RNA array derived from 76 human tissues and cell types with a hENT4 oligonucleotide probe confirmed abundant expression of hENT4 transcripts in various brain regions and skeletal muscle (supplemental Figure II) . Substantial levels of hENT4 mRNA were also found in many other adult and fetal tissues, with particularly high levels in regions of adult heart and intestine, as well as in pancreas, kidney, liver, bone marrow, and lymph node.
To investigate whether the abundance of hENT4 transcripts in heart and other tissues was paralleled by an abundance of the protein itself, antibodies were raised against residues 301 to 319 of hENT4. This region exhibits 63% and 68% identity to the corresponding regions of mENT4 and rENT4 (GenBank accession no. XP_221940) ( Figure 1A ). Anti-hENT4 301-319 stained a single major band of size Ϸ55kDa (predicted size 58.1 kDa) in membranes prepared from Xenopus oocytes injected with hENT4 RNA transcripts, human heart, and HUVECs ( Figure 1B and 1C). Antibody specificity was confirmed by complete inhibition of staining following preincubation with antigenic peptide ( Figure 1C ) and by the lack of staining of membranes from oocytes injected with water alone (data not shown). No cross-reaction with hENT1 or hENT2 was observed (supple- mental Figure III) . Anti-hENT4 301-319 also stained bands of similar size in cardiac cell samples of both mouse and rat origin ( Figure 1B through 1D) . Small but consistent decreases in the apparent sizes of both hENT4 and mENT4 were seen following digestion with N-glycosidase F ( Figure 1B) , indicating that the proteins were N-glycosylated. Glycosylation at the predicted sites N523 and N521 is consistent with the predicted extracellular location of the ENT4 C terminus. 11, 24 Western blotting of multiple rat tissues showed that, as for hENT4 transcripts, there was detectable rENT4 in a variety of different tissues, with the highest abundance in heart and brain ( Figure 1D ). The apparent size of the major band stained, Ϸ55 kDa, was consistent with the predicted size of 57.7 kDa, whereas bands of higher and lower size seen in some tissues probably reflected different glycosylation states and proteolytic degradation products of the transporter, respectively.
Subcellular Localization of ENT4
Although the mammalian ENT1 and ENT2 proteins appear to function primarily at the cell surface, some ENT1 has also been detected in liver mitochondria 31 and both ENT1 and ENT2 have been identified in the nuclear envelopes of cultured cells. 32 In contrast, ENT3 proteins are predominantly located in lysosomal and other intracellular membranes. 14 When heterologously expressed in MDCK cells, a yellow fluorescent protein-PMAT fusion protein was targeted primarily to the plasma membranes, 24 but the subcellular distribution of endogenous PMAT/hENT4 remains unknown. We therefore used immunofluorescence microscopy with antihENT4 301-319 to examine the distribution of the transporters in rat primary ventricular and atrial cardiomyocytes and in mouse HL-1 cardiomyocytes and HUVECs (Figure 2) . The cells of all 3 species exhibited punctate, intracellular staining indicative of vesicular structures ( Figure 2C through 2E) . However, in contrast to our previous findings for ENT3, 14 significant cell surface staining was also apparent in all cell types. For rat ventricular cardiomyocytes, this plasma membrane staining extended to the t-tubules, which were strongly stained ( Figure 2A ). The specificity of staining for ENT4 in all the cell types was demonstrated by staining of a single major band of the size expected for the transporter in Western blots of cell lysates ( Figure 1 ) and confirmed by the lack of discernible fluorescence seen when antibodies were preincubated with synthetic peptide ( Figure 2F and data not shown) . The nature and functional role of the intracellular compartment(s) harboring ENT4 are unclear, although similar intracellular pools have been described for many other transporters that also function at the cell surface. 31, 32 However, the dynamic nature of ENT4 localization is suggested by the observation that in dividing HL-1 cells a dramatic relocalization of transporter to the mid-body, and associated diminution in cell surface staining, was frequently observed ( Figure 2D ).
Kinetic Properties of hENT4 and mENT4
The localization of ENT4 in cardiomyocytes and cultured cells suggested that it functioned at least in part to transport permeants across plasma membranes. When expressed in MDCK cells, hENT4/PMAT was reported to function as a polyspecific transporter of organic cations, rather than of nucleosides. 23, 24 Our preliminary measurements of transport at pH 7.5 in Xenopus oocytes producing mENT4 and hENT4 revealed mediated transport of adenosine, although at low activities. 11 Given the presence of an intracellular pool of ENT4 ( Figure 2 ) and our recent finding that the lysosomal nucleoside transporter ENT3 is optimally active at acid pH, 14 we next investigated the pH dependence of adenosine transport mediated by ENT4 produced in Xenopus oocytes. Surprisingly, hENT4 activity exhibited great sensitivity to pH, with much greater activity at pH values less than 7.0 and with optimal activity, at approximately pH 6.0, being approximately 6-fold greater than at pH 7.0 ( Figure 3A ; mediated uptake activity corrected for that seen in oocytes injected with water alone). mENT4-mediated adenosine transport exhibited similar properties, except that the pH optimum was slightly lower, at pH 5.5 (supplemental Figure IV, A) . In contrast to the effect of pH, replacement of sodium ions by choline in the transport buffer had little effect on ENT4-mediated adenosine uptake (supplemental Figure IV, B) . Subsequent investigations of permeant and inhibitor selectivities of the transporters were therefore performed in sodium-containing buffers either at pH 5.5, where both the mouse and human proteins exhibited near maximal adenosine transport activities, or at the near physiological pH value of 7.5. Whereas substantial adenosine transport was mediated by hENT4 and mENT4 at pH 5.5, little or no transport was observed at either pH 5.5 or 7.5 for hypoxanthine, uridine, or uracil ( Figure 3B and data not shown). Adenine was not transported by hENT4 but was transported at pH 5.5 by mENT4 (supplemental Figure IV, B and D) . Surprisingly, hENT4-mediated transport of serotonin, previously reported to be a substrate at pH 7.4 for PMAT/hENT4 expressed in MDCK cells, 24 was similar at both pH 5.5 and 7.5 ( Figure 3B) . At pH 5.5 mediated influx of adenosine by mENT4 and hENT4 and of adenine by mENT4, defined as the difference in uptake between RNA-injected and water-injected oocytes, was saturable and conformed to simple Michaelis-Menten kinetics (supplemental Figures IV, C and D, and V, A) . In the case of mENT4, the apparent K m values for adenosine and adenine transport were 130Ϯ 30 mol/L and 2600Ϯ500 mol/L, respectively. To facilitate a comparison of the ability of hENT4 to transport serotonin and adenosine, measurements were made using the same batch of oocytes (supplemental Figure V, A 
Sensitivity of ENT4 to Transport Inhibitors
Mammalian ENT proteins differ in their sensitivities to inhibition by nucleoside analogs and coronary vasodilators. Figure 4A shows that hENT4-mediated adenosine influx at pH 5.5 was unaffected by 1 mol/L NBMPR but was partially inhibited by 1 mol/L dipyridamole and 1 mol/L dilazep, the latter inhibiting transport by Ϸ70%. Dilazep, unlike the other inhibitors, also significantly inhibited hENT4-mediated serotonin transport measured at pH 7.5 ( Figure 4C ). Similarly, 10 mmol/L adenosine inhibited hENT4-mediated transport of 100 mol/L serotonin, measured at pH 5.5, by 72% (supplemental Figure V, C) . Consistent with the hypothesis that hENT4 is a dual-function transporter both of adenosine and of monoamines, transport of 100 mol/L adenosine, measured at pH 5.5, was also partially inhibited (Ϸ50%) by 10 mmol/L serotonin, the organic cation transporter inhibitor decynium-22 (10 mol/L), and the dopamine transporter inhibitor GBR12935 (100 mol/L) ( Figure  4B ). Both of the latter compounds have previously been reported as inhibitors of serotonin transport by PMAT/hENT4, 24 and this was confirmed in the present study ( Figure 4C ). Consistent with immunocytochemical detection of mENT4 in HL-1 cardiomyocytes, a significant inhibition of 50 mol/L serotonin uptake into these cells was observed at pH 7.5 in the presence of 10 mol/L decynium-22 and 100 mol/L GBR125935 ( Figure 5A ). Lack of inhibition by adenosine and dilazep may have reflected the pH at which the assays were performed. mENT4-mediated adeno- sine transport could not be measured in these cells because of their intolerance of acidic conditions and the abundance of mENT1 and mENT2. 33 However, the resistance of a substantial fraction of adenosine transport at pH 5.5 in rat ventricular cardiomyocytes to the ENT1 inhibitor NBMPR (10 mol/L) or a 100-fold excess of the ENT1/ENT2 substrate uridine (10 mmol/L) was consistent with ENT4 activity (Figure 5B ).
Distribution of ENT4 in the Heart
Anti-hENT4 301-319 stained a single major band of size Ϸ55kDa of Western blots of membrane preparations ( Figure  1B ) and crude extracts ( Figure 6A ) prepared from right atrial appendage tissue samples obtained from 4 human hearts, confirming the specificity of the antibodies. In sections of this tissue (Figure 6B ), the antibodies yielded both intracellular and cell surface staining (arrowed). Both for this tissue and those discussed below, preabsorption of the antibodies with synthetic peptide corresponding to residues 301 to 319 of hENT4 abolished staining (results not shown).
To examine ENT4 distribution in mammalian heart in more detail, immunofluorescence microscopy was used to investigate sections of rat ventricular muscle, SA node, and surrounding atrial tissue (supplemental Figure VI, A) and AV node (supplemental Figure VI, B) . Anti-hENT4 301-319 stained a single major band of the expected size for rENT4 on Western blots of rat heart membranes ( Figure 1C) . In ventricular sections the pattern of intense sarcolemma and t-tubule staining for rENT4 ( Figure 7A and 7C, green) closely resembled that observed in isolated ventricular myocytes (Figure 2A) . Colocalization with the intercalated disk marker connexin 43 34 (Cx43; Figure 7B , red) was also evident ( Figure 7C, yellow) . Strong staining for rENT4 was additionally seen in blood vessels within the ventricular muscle ( Figure 7D and 7F, green), colocalization with staining for Von Willebrand factor ( Figure 7E , red) revealing that the transporter was present in the vascular endothelial cells ( Figure 7F, yellow) . rENT4 was also detectable in atrial muscle ( Figure 7G, green) , although the staining was much less intense than for ventricular muscle, paralleling the results for isolated ventricular and atrial cardiomyocytes (Figure 2A and 2B) and probably reflecting the relative paucity of t-tubules in the latter. In contrast, little or no rENT4 staining was observed in cells of the SA and AV nodes ( Figure 7G and 7I, respectively, green). The latter were identified in closely adjacent sections by their strong staining by antibodies against the hyperpolarization-activated channel HCN4 35 (Figure 7H and 7J, respectively, green) and their lack of staining for Cx43 34 ( Figure 7G and 7H, respectively, and data not shown).
Quantitative estimation of rENT4 distribution was obtained by Western blotting of lysates prepared from ventricular, atrial, and SA node tissue samples using anti-hENT4 301-319 . The additional presence of higher and lower molecular mass bands than expected for rENT4 probably reflected the presence of oligomers and proteolytic fragments respectively ( Figure 8A ): no staining was seen if the antibodies were incubated with antigenic peptide before use (data not shown). Equal loading of the samples was confirmed by staining for tubulin ( Figure 8A ). Densitometry of blots prepared from equal amounts of total cellular protein revealed that the abundance of rENT4 in ventricular, atrial, and SA nodal tissue was 22Ϯ4, 7Ϯ1, and 1Ϯ0.3 (arbitrary units, meanϮSEM, nϭ4), respectively ( Figure  8B ). These relative abundances paralleled the qualitative results obtained by immunofluorescence microscopy (Figure 7) . The presence of low levels of rENT4 in SA node samples may reflect minor contamination with atrial tissue during dissection. Such contamination was revealed by staining blots for Cx43, which is absent from SA node but is present in the adjacent atrial tissue. 36 
Discussion
In the present study, we have shown that the fourth member of the equilibrative nucleoside transporter family to be identified, ENT4, is expressed abundantly in human and rodent hearts, both in cardiomyocytes and vascular endothelial cells. When heterologously expressed in MDCK cells, this transporter, unlike the archetypal nucleoside transporter ENT1, is known to function in the transport of monoamines and other organic cations. 23, 24 It is also likely to exhibit this function in the heart, because we found that serotonin uptake by HL-1 cardiomyocytes, which possess the transporter, is at least partially inhibited by known inhibitors of hENT4/ PMAT. The physiological significance of such transport is suggested by the finding that serotonin is not only produced by cardiac myocytes 25 but also regulates cardiac development and function. 26 Although hENT4/PMAT was previously reported not to interact with nucleosides, 23 ,24 a striking finding of the present study was that although transport activities were slight at pH 7.5, both hENT4 and mENT4 exhibited robust adenosine transport activity at lower pH values, with hENT4 exhibiting maximal activity in the pH range 5.5 to 6.5 ( Figure 3A) . Indeed, at pH 5.5, the transport efficiency (V max /K m ) of hENT4 for adenosine was greater than that for serotonin. Transport was not dependent on sodium ions, was unaffected by NBMPR, and was only partially inhibited by dipyridamole and dilazep at concentrations (1 mol/L) that potently inhibit the archetypal equilibrative nucleoside transporter hENT1.
From a mechanistic point of view, it remains unclear whether the pH dependence of transport reflects nucleoside/ proton cotransport. However, it is noteworthy that serotonin transport, which has been reported to be sensitive to membrane potential but does not involve cotransport of ions, 24 was relatively insensitive to pH. Nor is it clear which residue(s) in hENT4 is responsible for the pH sensitivity of adenosine transport. In a preliminary attempt to identify such residues, we examined the effects of mutating the ionizable residues E206 in putative TM5 and E375 in putative TM7 to glutamine: these positions are also occupied by glutamate in close homologs of hENT4 but are occupied by uncharged residues, typically glutamine or threonine, respectively, in other ENT family members, including hENT1 and hENT2. Although both mutants were expressed in oocytes at near wild-type levels (data not shown), E206Q proved to be essentially inactive, whereas the activity and pH sensitivity of E375Q resembled that of the wild-type protein (supplemental Figure VII) . Although this finding highlights the importance of E206 in transport, further studies will be necessary to identify the residue(s) responsible for pH sensitivity.
In rat heart, rENT4 was found to be most abundant in ventricular cardiomyocytes, which represent a major site of adenosine production. 8 Interestingly, it was absent from both the SA and AV nodes, in contrast to rENT1, which we have previously shown is abundant in the SA node. 21 It was also abundantly expressed in vascular endothelial cells, which represent a major site for adenosine metabolism. 8 Immunocytochemistry of isolated cardiomyocytes and cultured endothelial cells revealed that the protein was present at the cell surface, where it could mediate adenosine flux and thus influence the extracellular concentration of this key purine. Myocardial ischemia and anaerobic metabolism following cardiac arrest can lead to a rapid fall in interstitial fluid pH to values as low as pH 6.6. 37 Thus, although the adenosine transport activity of ENT4 is optimal at acidic pH and virtually absent at pH 7.4, our findings on cardiomyocytes and ENT4 produced in oocytes suggest it is likely to play an important role in ischemic conditions. Given the importance of endogenous adenosine in the phenomenon of ischemic preconditioning, 5, 7 and the observation that oral therapy with the ENT1 inhibitor dipyridamole limits reperfusion injury in humans, 38 ENT4 represents a possible future therapeutic target for cardiac disease.
